Introduction
============

Homeostasis of the intracellular concentration of chloride \[Cl^−^\]~i~ is important for the regulation of cell volume and γ-aminobutyric acid (GABA)[^5^](#FN5){ref-type="fn"} neurotranmission in the mammalian nervous system. Cell volume regulation is important for neurons, which experience considerable channel-mediated influxes of cations and Cl^−^ during synaptic activity ([@B1]). Because ionotropic GABA~A~ receptors function as Cl^−^ channels, \[Cl^−^\]~i~ affects the strength and polarity (excitatory or inhibitory) of GABA neurotransmission ([@B2]).

\[Cl^−^\]~i~ is established by cellular Cl^−^ influx and efflux pathways. The *SLC12a* cation-chloride cotransporters (CCCs) contain the Cl^−^-importing Na-(K)-2Cl cotransporters (NCC, NKCC1, and NKCC2) and Cl^−^-exporting K-Cl cotransporters (KCC1-KCC4) ([@B3]). NKCC1 and KCC2 play essential roles in the function of the CNS and PNS ([@B4], [@B5]). NKCC1 is widely expressed in cortical and subcortical neuroglia, and in dorsal root ganglia ([@B6]). KCC2 expression is neuron-specific in the cortex, thalamus, cerebellum, and spinal cord ([@B7]). Early in development, cortical GABAergic neurons are excitatory due to an elevated \[Cl^−^\]~i~ established in part by high NKCC1 activity and low KCC2 activity, but are subsequently inhibitory due to a developmental shift in the relative activity of KCC2 *versus* NKCC1 ([@B8], [@B9]). The co-expression of NKCC1 and KCC2 in specific neurons, and the rapid changes in the neuronal response to GABA that can occur due to shifts in \[Cl^−^\]~i~, suggest that NKCC1 and KCC2 can be tightly coordinated to generate precise neuronal Cl^−^ gradients ([@B10], [@B11]). The mechanism underlying this regulation in the CNS is unknown.

Activities of the CCCs are regulated by serine-threonine phosphorylation, which has opposite effects on NKCC1 and KCC. Cell swelling and high \[Cl^−^\]~i~ trigger net cotransporter dephosphorylation, activating the KCCs but inhibiting NKCC1, resulting in reduction of \[Cl^−^\]~i~; low \[Cl^−^\]~i~ and cell shrinkage have the opposite effects ([@B3]). A regulatory pathway of \[Cl^−^\]~i~-sensing protein kinases has long been proposed to be the common mechanism that co-regulates both the NKCCs and KCCs ([@B12], [@B13]). Recent evidence suggests that members of the WNK ([w]{.ul}ith [n]{.ul}o lysine = [K]{.ul}) kinase family, directly or indirectly via the downstream SPAK/OSR1 *Ste20*-type kinases, serve this important function in the kidney ([@B13], [@B14]). Here, WNKs like WNK1 and WNK4 phosphorylate and activate SPAK/OSR1, which in turn phosphorylate and activate the furosemide-sensitive NKCC2 and the thiazide-sensitive NCC, kidney-specific CCCs. This pathway is necessary for proper blood pressure control and electrolyte homeostasis in humans ([@B15]). *PRKWNK1* and *PRKWNK4* are mutated in pseudohypoaldosteronism type II (PHAII), a Mendelian form of human hypertension ([@B16]).

In humans there are four WNK kinases (WNK1, WNK2, WNK3, and WNK4), encoded by genes on chromosomes 12, 9, X, and 17, respectively. WNK3, which is highly expressed in the brain, has robust effects *in vitro* upon the CCCs, simultaneously activating NKCC1, NKCC2, and NCC and inhibiting all four KCCs ([@B17]--[@B19]). The reciprocal actions of WNK3 on NKCC1 and the KCCs, and its co-expression with CCCs in GABAergic neuronal populations that undergo dynamic changes in \[Cl^−^\]~i~, suggest WNK3 might be involved in the regulation of neuronal CCCs ([@B13], [@B18]). Further evidence of a link between the WNKs and the CCCs in the brain includes the finding that mutations in the nervous system-specific *HSN2* exon of *WNK1* cause hereditary sensory and autonomic neuropathy type 2 (HSAN2) ([@B20]), and compound heterozygous mutations of the *KCC3* gene causing Andermann syndrome can phenocopy HSAN2 ([@B21]). In addition, two recent studies have implicated the epigenetic silencing of *WNK2* in the pathogenesis of multiple brain tumor types ([@B22], [@B23]).

WNK2 is the least characterized of all WNK kinases. Initial reports showed that *WNK2* is most highly expressed in brain, and unlike other WNKs, is not expressed in the kidney ([@B24]). Here, we characterize the cellular and subcellular location and the function of WNK2.

MATERIALS AND METHODS
=====================

### 

#### cDNA Constructs

A cDNA clone for human WNK2 was provided by Osamu Ohara (Kazusa DNA Research Institute, Chiba, Japan) (Nagase, T, 2000). A C-terminal hemagglutin A (HA) tag was added to WNK2 cDNA with PCR and subcloned into *pCDNA3.1-* (Invitrogen) for mammalian expression, and into *pGH19* for studies in *Xenopus* oocytes ([@B17]). QuikChange (Stratagene) was used to introduce the *D342A* mutation into *pGH19-WNK2-HA* and *pcDNA3.1-WNK2-HA*. Constructs were verified by DNA sequencing.

#### Functional Assays in Oocytes

*Xenopus* oocytes were harvested and injected with the cRNAs of the indicated constructs, and bumetanide-sensitive and Cl^−^-dependent ^86^Rb^+^ uptakes were determined as described ([@B18], [@B19]). In brief, experiments with NKCC1 were performed in isotonic conditions (220 m[m]{.smallcaps}) in oocytes injected with water or with NKCC1 cRNA alone or together with WNK2 or WNK3 cRNA. 2 or 3 days after injections oocytes were incubated overnight in a Cl^−^-free frog Ringer ([@B19]). Next day oocytes were exposed to a 30 min incubation period in the same Ringer, with ouabain (1 m[m]{.smallcaps}) to prevent activity of the Na^+^:K^+^:ATPase, followed by 60 min. uptake in the presence of NaCl (86 m[m]{.smallcaps}) and KCl (10 m[m]{.smallcaps}) ([@B19]) with 2 μCi of ^86^Rb^+^/ml. Parallele groups of oocytes were exposed to similar uptake conditions but in the presence of 100 μm bumetanide. KCC experiments were performed in both isotonic and hypotonic conditions (110 m[m]{.smallcaps}), as described ([@B18], [@B19]). At the end of the uptake period oocytes were washed five times in cold solution to eliminate tracer ^86^Rb^+^ from extracellular fluid, dissolved in 10% SDS and tracer activity was determined for each oocyte by β-scintillation counting. Each experiment was performed at least three times, with a minimum of 10 oocytes per group.

#### Oocyte Cell Surface Biotinylation

For surface expression analysis oocytes proteins were biotinylated as described previously ([@B25]). In brief, oocytes injected with NKCC1 or FLAG-KCC4 cRNA were washed in ND-96 TEA buffer five times and incubated at 4 °C during 40 min in the same buffer supplemented with 1.5 mg/ml Sulfo-NHS-LC-Biotin (Thermo, Pierce). Then, oocytes were homogenized using a 25-gauge needle in a sucrose-based buffer (4 μl/oocyte). After 5 min centrifugation at 8,000 × *g*, the supernatants were collected and protein concentration assessed by the Bradford assay (Bio-Rad). Streptavidin precipitation was performed with 50 μl of streptavidin-agarose beads in 50% slurry (Upstate, Cell Signaling Solutions) per 500 μg of biotinylated proteins diluted in 1 ml of Tris-buffered saline. Samples were rolled overnight at 4 °C. Beads were then washed one time with Buffer 1, twice with Buffer 2, and once with Buffer 3. Then, buffer 3 was substituted with 30 μl of Laemmli Sample Buffer (Bio-Rad). Protein samples were heated to 65 °C for 15 min before separation on a 7.5% acrylamide gel for Western blotting using the monoclonal antibody T4 against NKCC1 (DSHB, University of Iowa) or anti-FLAG.

#### Transfections, Immunoprecipitation, SDS-PAGE, and Immunoblotting

Transfection, immunoprecipitation (IP), and Western blot analysis of WNK2 for MS analysis in HEK-293 cells, or from *Xenopus* oocytes, was performed as described previuosly ([@B17]). For Western blot analysis, lysates of HEK cells post-transfection or *Xenopus* oocytes (post-injection;5 oocytes per group) were solubilized in sample buffer with 1% Triton X-100, proteins were separated by SDS-PAGE, transferred to PVDF, blocked, and probed with anti-HA (each at 1:4000). Membranes were then washed, incubated with secondary antibody, and processed with ECL reagents (Amersham Biosciences) as described ([@B17]).

Whole mouse brains (2 adult brains per IP) were collected immediately after sacrifice, dissected on ice, and homogenized in lysis buffer, centrifuged, and the supernatant collected and used for IP. Immunoprecipitations of native WNK2 protein complexes was carried out using 10--20 μg of anti WNK2 antibodies (NOVUS, \#25910002) conjugated to protein A-agarose (Sigma).

#### In Situ Hybridization and Immunostaining

Antisense probes were prepared from cDNA clones in TOPO 2.1 vectors (Invitrogen) from WNK1 (bases 3835--4953 of NM_198703), WNK2 (2033--3088 of NM_029361), and WNK4 (2501--3500 of NM_175638) complementary to a unique stretch 5′ of the kinase domain in each message. RNA was prepared with incorporation of digoxigenin-UTP ([@B26]). Brains were fixed by intracardiac perfusion with 4% paraformaldehyde and 36-μm-thick sections were obtained. *In situ* hybridization was performed and specific hybridization detected by using antidigoxin antibodies ([@B27]). Co-localization was carried out by additional immunohistochemistry steps with mouse anti-SMI 32 1:1000 (Covance Inc., Princeton, NJ), guinea pig anti-GFAP 1:500 (Advanced ImmunoChemical, Long Beach, CA), or mouse anti-calbindin [d]{.smallcaps}-28K 1:1000 (SWANT, Bellinzona, Switzerland) followed by diaminobenzidine (DAB) staining. Sections were treated with 1% H~2~O~2~, washed in PBS, preincubated in blocking solution (BS) containing 5% normal donkey serum (Jackson ImmunoResearch Laboratories), 1% bovine serum albumin, 0.1% glycine, 0.1% [l]{.smallcaps}-lysine, and 0.03% Triton-X-100. The sections were then incubated with the primary antibody for 36--48 h at 4ƒC. Following washes with PBS, they were incubated with biotinylated secondary antibodies (Jackson Laboratories, 1:250 dilution) for 2 h at room temperature, washed in PBS, and then incubated with Vectastain ABC Elite solution (Vector Laboratories, Burlingame, CA) for 2 h. Sections were developed using 0.05% DAB (pH 7.4), 0.2% glucose, 0.01% nickel ammonium sulfate, 0.04% ammonium chloride, and 8 mg/ml glucose oxidase, and then rinsed, mounted onto glass slides, allowed to dry, dehydrated, and coverslipped.

#### TiO~2~ Enrichment and Mass Spectrometry

TiO~2~ enrichment and mass spectrometry of WNK2 from HEK 293 cells and mouse brain was performed essentially similar to the protocol detailed in Ref. [@B28] ([@B47]). In brief, HA-tagged WNK2 expressed in mammalian cell culture were immunoprecipitated as described above. Immunoprecipitated proteins are then resolved on denaturing SDS-PAGE. Proteins are visualized with Coomassie Blue staining (R-250). Protein bands are excised from the gel and washed in 50% CH~3~CN, 50 m[m]{.smallcaps} NH~4~HCO~3~. The gel slices are then crushed and resuspended 1:1 (wt:vol) in a solution of 10 m[m]{.smallcaps} NH~4~HCO~3~ with 20 μg/ml sequence grade trypsin (Promega), and incubated overnight at 37 °C. Peptides extracted with 0.5% TFA/50% ACN, dried, resuspended in 0.5% TFA/50% ACN, and applied to a pre-equilibrated TiO~2~ TopTip (Glygen Corp.) micro-spin columns. The TiO~2~ columns are pre-equilibrated by washing with 100% ACN, followed by 0.2 [m]{.smallcaps} sodium phosphate buffer pH 7.0, and finally with 0.5% TFA/50% ACN. The peptides are bound to the column, unbound non-phospho peptides are washed off with 0.5% TFA/50% ACN, and the phosphopeptides are eluted with a 1:33 solution of high purity saturated (28%) ammonia. Eluate fractions containing phosphopeptides are dried and dissolved in 3 μl of 70% formic acid, and then diluted to 10 μl with 0.1% TFA. 5 μl of the sample is directly injected onto a 100 micron x 150 mm Atlantis HPLC column (Waters) running at 500 nl/min directly interfaced to an ESI-QTOF mass spectrometer (Waters/Micromass Q-Tof Ultima). Phosphopeptides are identified by searching with Mascot 2.1 database search engine with improved phosphopeptide scoring features with additional manual inspection of spectra.

RESULTS
=======

### 

#### WNK2 Is a Neuron-enriched WNK Kinase in the Developing and Adult Mammalian Brain

We first examined the expression of *WNK2* in human tissues. Northern blot analysis showed *WNK2* is most highly expressed in brain and heart, with no detectable expression in kidney ([supplemental Fig. S1](http://www.jbc.org/cgi/content/full/M111.222893/DC1)). These results are concordant with previous RT-PCR data ([@B24]). *WNK2* expression was further studied in mouse brain using *in situ* hybridization (ISH; see "Materials and Methods"). At embryonic day 14.5 and 15.5, *WNK2* is highly expressed in differentiating neurons of the forebrain, midbrain, and hindbrain ([Fig. 1](#F1){ref-type="fig"} and data not shown). *WNK2* expression is low in the ventricular neuroepithelium and basal ganglia, but high in post-mitotic neurons. *WNK2* is also expressed in the developing cortical plate, thalamus, dorsal midbrain, and cerebellum ([Fig. 1](#F1){ref-type="fig"}).

![**Analysis of WNK2 mRNA expression in mouse brain and kidney as compared with other WNK kinases.** WNK2 localization (*blue*) by *in situ* hybridization shows a high level of expression in mouse brain both in embryonic development (E14.5) and in the adult (*top two panels*). A representative coronal section of the E14.5 brain (*top left*) is compared with sections of the adult brain (*top right*). Whole sections are shown in the *inset* on top of representative magnified region of the cortex. WNK2 is highly expressed in post-mitotic neurons in the cortical plate (*CP*) and intermediate zone (*IZ*) at E14.5. WNK2 is expressed in all cortical layers in the adult cortex (*ctx*) (*top right*). WNK2 expression in the adult cerebellum (*bottom left*). A whole section is shown in the *inset* on top of a magnified region of the cerebellum. Purkinje cells (*pjk*), the granular cell layer (*gr*), and the white matter (*wm*) are indicated. WNK2, WNK1, and WNK4 mRNA expression in the mouse kidney (*bottom right*). A whole sagittal section is shown in the *insets* below images of a magnified region of the cortex (*ctx*) for each WNK kinase indicated.](zbc0401176270001){#F1}

At post-natal stages and in the adult, *WNK2* is expressed in the olfactory bulb, septum, neocortex (in all cortical layers, with strongest expression in pyramidal neurons), hippocampus, anterior dorsal thalamus (with lower levels in the posterior thalamus), and the cerebellum, with particularly strong expression in deep cerebellar nuclei. Low levels of *WNK2* were detected in the hypothalamus. *WNK2* was not detected in the basal ganglia ([Fig. 1](#F1){ref-type="fig"}).

The expression of *WNK2* in neocortical pyramidal neurons was demonstrated by combining ISH and immunostaining with *SMI-32*, a marker of pyramidal neurons with long axonal projections ([@B29]). Though WNK2 and SMI-32 co-localized in the neocortex, not all *WNK2*-expressing cells were *SMI-32* positive ([Fig. 2](#F2){ref-type="fig"}). However, *WNK2*-expressing cells did not express the astroglial marker *GFAP*, suggesting *WNK2* is expressed primarily in neurons ([Fig. 2](#F2){ref-type="fig"}). In the cerebellum, *WNK2* co-localized with Calbindin, a marker of Purkinje cells ([Fig. 2](#F2){ref-type="fig"}).

![**Characterization of WNK2-expressing cells in mouse brain.** SMI-32 co-localization (*brown*) highlights WNK2 expression in pyramidal neurons (*pyr*) in the developing neocortex (*top panel*). GFAP-expressing astrocytes do not express *Wnk2* (*middle*). The *arrowhead* marks an astrocyte (*ast*). WNK2 mRNA is expressed in the Purkinje cells (*pc*) in the cerebellum, labeled with calbindin (*bottom*). The molecular layer (*mol*) and granular layer (*gr*) border the Purkinje cell layer in the cerebellum.](zbc0401176270002){#F2}

These results demonstrate that WNK2 is a neuron-enriched kinase in both the cerebral cortex and cerebellum in the developing and adult mouse brain, with a pattern of expression temporally and spatially distinct compared with other WNKs ([supplemental Fig. S2](http://www.jbc.org/cgi/content/full/M111.222893/DC1)).

#### WNK2 Activates NKCC1 and Inhibits KCC2, Promoting Cl^−^ Influx

The effects of the WNKs on the CCCs are heterogeneous ([@B17]--[@B19], [@B30], [@B31]). Given its high expression in the brain, we tested whether WNK2 might affect the activities of the key neuronal CCCs NKCC1 and KCC2 by utilizing the *Xenopus laevis* oocyte expression system.

KCCs are activated by hypotonicity and inactivated by hypertonicity. KCC2 is unique among the KCCs in that it also exhibits significant activity in isotonic conditions, though less than in hypotonic conditions ([@B3], [@B32]). The effect of WNK2 on KCC2 activity was tested in both hypotonic (110 mOsm/kg) and isotonic (220 mOsm/kg) conditions. The related KCC4, which is virtually inactive in isotonic conditions, was tested in hypotonic conditions. WNK2 co-expression resulted in a significant reduction of the Cl^−^-dependent ^86^Rb^+^ uptake mediated by KCC2 in both isotonic ([Fig. 3](#F3){ref-type="fig"}*A*) and hypotonic ([Fig. 3](#F3){ref-type="fig"}*B*) conditions. WNK2 reduced the Cl^−^-dependent ^86^Rb^+^ uptake mediated by KCC4 in hypotonic conditions ([Fig. 3](#F3){ref-type="fig"}*B*). These effects were similar to those observed in parallel experiments with WNK3 ([Fig. 3](#F3){ref-type="fig"}).

![**Modulation of KCC2, KCC4, and NKCC1 activity by WNK2.** *Xenopus laevis* oocytes were injected with (*A*) water or 10 ng/oocyte of KCC2 cRNA, (*B*) water or 10 ng/oocyte of KCC2 or KCC4 cRNA, and (*C*) water, or 10 ng/oocyte of NKCC1 cRNA. In all figures, cotransporters cRNA were injected alone or together with 10 ng/oocyte of WNK2 or WNK3 cRNA, as stated. Four days later, ^86^Rb^+^ influx experiments were performed in isotonic (*A* and *C*) or hypotonic conditions (*B*) in the presence (*open bars*) or absence (*closed bars*) of extracellular chloride (*A* and *B*) or in the absence (*open bars*) or presence (*closed bars*) of 100 μ[m]{.smallcaps} bumetanide (*C*). \*, significantly different from the uptake observed in corresponding control. Each figure depicts combined data of at least three different experiments.](zbc0401176270003){#F3}

Conversely, NKCC1 is activated by hypertonicity and inactivated by hypotonicity. NKCC1 exhibits moderate activity in isotonic conditions (220 mOsm/kg). WNK2 co-expression resulted in a marked increase in bumetanide-sensitive ^86^Rb^+^ uptake induced by NKCC1 in isotonic conditions ([Fig. 3](#F3){ref-type="fig"}*C*). These effects were qualitatively similar to, but quantitatively smaller, than effects observed in parallel experiments with WNK3 ([Fig. 3](#F3){ref-type="fig"}).

We have previously shown that NCC activation by WNK3 is associated with increased expression of the cotransporter in the cell surface ([@B17]). In order to study the mechanism involved in NKCC1 or KCC4 modulation by both, WNK2 or WNK3, we performed functional assays experiments in oocytes injected with NKCC1 or FLAG-KCC4 cRNA alone or together with WNK2 or WNK3 cRNA, and oocytes from the same batch were used for extraction of total and biotinylated proteins. Western blots were performed using the anti-NKCC1 T4 monoclonal antibody developed by Forbush ([@B33]) or anti-FLAG monoclonal antibodies. A representative experiment is shown in [Fig. 4](#F4){ref-type="fig"} for each cotransporter. Functional expression in these experiments showed results that are similar to those discussed above. For NKCC1 there is a increase in both, the total amount of NKCC1 and the biotynilated fraction. Consistent with the functional data, the increase of NKCC1 induced by WNK3 is more apparent than the effect of WNK2. In the case of KCC4, no changes in total protein induced by WNK2 or WNK3 was observed. However, a decreased surface expression was induced by both kinases. Although the functional effect of WNK3 was higher than WNK2 ([Fig. 4](#F4){ref-type="fig"}*D*), the decrease in surface expression of KCC4 by both kinases was similar ([Fig. 4](#F4){ref-type="fig"}*B*).

![**Effect of WNK2 and WNK3 on the protein level and surface expression of NKCC1 and KCC4.** Western blot analysis of the total and biotinylated fraction of proteins extracted from oocytes injected with NKCC1 (*A*) or KCC4 (*B*) cRNA in the absence or presence of WNK2 or WNK3 cRNA. *C* and *D* depict the results of the functional expression performed the same day using oocytes from the same batch for NKCC1 or KCC4, respectively, expressed as bumetanide-sensitive (*C*) or chloride-dependent (*D*) ^86^Rb^+^ uptake.](zbc0401176270004){#F4}

All WNK kinases share a key aspartate residue in the kinase domain that is essential for catalytic activity ([@B17], [@B31], [@B34]--[@B36]). The effects of catalytically inactive WNK3 (WNK3^D294A^) on the CCCs are opposite to those of its wild type species, inhibiting NKCC1 and activating KCC2 ([@B18], [@B19]). We introduced the analogous mutation into the catalytic domain of WNK2 (WNK2^D342A^), and tested its effect on NKCC1 and KCC2 activity. In contrast with wild-type WNK2, WNK2^D342A^ does not activate NKCC1 ([Fig. 5](#F5){ref-type="fig"}*A*) or inhibit KCC2 ([Fig. 5](#F5){ref-type="fig"}*B*), suggesting WNK2\'s effects on NKCC1 and KCC2 are dependent on its kinase activity. Similar to WNK3^D294A^, WNK2^D342A^ inhibited NKCC1, though this effect was not as dramatic as with WNK3^D294A^ ([Fig. 5](#F5){ref-type="fig"}*A*). However, in contrast to WNK3^D294A^, WNK2^D342A^ did not activate KCC2 ([Fig. 5](#F5){ref-type="fig"}*B*).

![**Effect of kinase-dead (*DA*) WNK2 upon NKCC1 and KCCs cotransporters activity.** *A*, ^86^Rb^+^ uptake in oocytes injected with water, NKCC1 cRNA alone or together with WNK2-DA or WNK3-DA cRNA. Uptake was performed in isotonic conditions in the absence (*open bars*) or presence (*closed bars*) of 100 μ[m]{.smallcaps} bumetanide. \*, significantly different from the uptake observed in NKCC1 cRNA group. *B*, oocytes were injected with water, KCC2 cRNA alone or together with kinase-dead WNK2 or WNK3, as stated. *C*, oocytes were injected with water, KCC2, or KCC4 cRNA alone or together with kinase-dead WNK2 or WNK3, as stated. ^86^Rb^+^ Uptake was performed in in the presence (*open bars*) or absence (*closed bars*) of extracellular Cl^−^, in hypotonic (*B*) or isotonic (*C*) conditions. \*, significantly different from the uptake observed in corresponding control. *D*, representative Western blot analysis of protein homogenates extracted from oocytes injected with wild type or kinase-dead HA-WNK2 cRNA, together with NKCC1 or KCC2 cRNA, as stated. Western blots were then performed using anti-HA monoclonal antibodies. Similar results were observed in the absence of NKCC1 cRNA injections.](zbc0401176270005){#F5}

We compared the activities of WNK2 on KCC2 (and KCC4) in isotonic conditions. In these conditions, KCC2 exhibits a small but significant activity, while KCC4 is inactive. In isotonicity, WNK3^D294A^ induced a robust activation of both KCC2 and KCC4, while WNK2^D342A^ imparted no effect ([Fig. 5](#F5){ref-type="fig"}*C*). Similar expression of wild type WNK2 or WNK2^D342A^ was observed by immunoblotting proteins from oocytes with anti-HA antibodies, demonstrating that any differences in effect were not due to protein expression ([Fig. 5](#F5){ref-type="fig"}*D*). These results demonstrate functional differences between WNK2 and WNK3 on the CCCs in their active and inactive states.

#### WNK2 Forms a Phosphoprotein Complex with SPAK in Mouse Brain

Phosphorylation of the WNKs plays a key role in determining their kinase activities ([@B34], [@B37]), activation in response to osmotic stress ([@B38]), and regulation of ion transport proteins. Like many proteins, the comprehensive catalogue of sites that are phosphorylated in the WNKs has proved elusive given the typically low stochiometry of phosphopeptides in cells. Recent advances in the purification of phosphopeptides from complex mixtures have helped surmount this problem ([@B39], [@B40]).

To identify phosphorylation sites in huaman WNK2 expressed in HEK cells, we used a simple and efficient phosphopeptide enrichment strategy coupled to liquid LC-MS ([Fig. 6](#F6){ref-type="fig"} and [supplemental Fig. S3](http://www.jbc.org/cgi/content/full/M111.222893/DC1)). This procedure resulted in a dramatic purification of phosphopeptides and enabled the identification of twelve phosphorylation sites in WNK2 ([Fig. 6](#F6){ref-type="fig"}). These are distributed throughout the protein; none were identified in the kinase domain. These sites included potential phosphorylation sites mediated by Rho-associated protein kinase 1 (DMPK), cAMP-dependent protein kinase (PKA), casein kinase II (CKII), PKC protein kinase CΔ (PKC), p21-activated kinase (PAK), p38 mitogen-activated protein kinase (p38MAPK), and cyclin-dependent kinases (CDK2, 3, and 5).

![**MS/MS analysis of WNK2 phosphorylation.** *A*, phosphorylation sites are shown in the context of full-length human WNK2. The conserved kinase domain and two coiled-coiled regions are labeled. Phosphorylation sites identified in human WNK2 expressed in HEK cells are numbered on the bottom of the diagram. Sites unique to this study are in *black*, and sites in common with other studies are in *red*. Phosphorylation sites identified in native mouse WNK2 are numbered according to their position in the mouse sequence and mapped onto the corresponding position in human WNK2. Phosphorylation at Ser-1770 (mouse) and Ser-1862 (human) are homologous. *B*, SDS-PAGE analyisis of native WNK2 immunoprecipitates prepared from mouse brain for MS/MS. An example gel is shown with the results of the MS/MS analysis for each protein band shown to the *left*. Phosphorylation sites from full-length WNK2 and SPAK identified by MS/MS are listed (for additional peptide information see [supplemental Tables S1 and S2](http://www.jbc.org/cgi/content/full/M111.222893/DC1). A brief Coomassie-staining method was used to reveal the proteins bands to the naked eye. Bands that were unique to brain IP and not visible in a control IP from mouse kidney (not shown) were cut and subjected to MS analysis. *C*, table of WNK2 phosphopeptides identified in MS/MS analysis of purified human and mouse WNK2. Mascot searches followed by manual MS/MS spectra interpretation places the possible phosphorylation site within each peptide. Unambiguous assignment of phosphorylation sites are indicated in *underlined*, *red capital S*, while ambiguous assignments have the second most likely site as a *lowercase s*. Kinase motifs corresponding to each phosphorylation site were identified with NetworKIN and NetPhorest analysis. Abbreviations are for Rho-associated protein kinase 1 (*DMPK*), cAMP-dependent protein kinase (*PKA*), casein kinase II (*CKII*), PKC protein kinase CΔ (PKC), p21-activated kinase (*PAK*), p38 mitogen-activated protein kinase (*p38MAPK*), and cyclin-dependent kinases (*CDK2, 3, and 5*).](zbc0401176270006){#F6}

Immunoprecipitates of native WNK2 from mouse brain were analyzed with tandem MS. SDS-PAGE analysis of the immunoprecipitated protein showed a full-length protein of the expected molecular weight of greater than 200 kDa. This full-length mouse WNK2 was unambiguously identified via tandem MS analysis ([Fig. 5](#F5){ref-type="fig"}). Several sites of phosphorylation, Ser-1150, Ser-1817, Ser-1818, and Ser-1862, were identified that overlapped with those found for human WNK3 *in vitro*, suggesting sites of particular importance for WNK2\'s function *in vivo* ([Fig. 6](#F6){ref-type="fig"}).

Interestingly, two proteins of sizes different from the expected full-length WNK2 were identified from the WNK2 immunoprecipitates from mouse brain. One of these, with an apparent molecular mass of 125 kDa, was also identified as WNK2, suggesting an alternative splice form of WNK2 exists in the mouse brain ([Fig. 6](#F6){ref-type="fig"}). The other, with an apparent molecular weight of ∼100 kDa, was identified as SPAK ([Fig. 6](#F6){ref-type="fig"}), a Ste20-type kinase known to interact with and phosphorylate NKCC1 ([@B41]). The apparent molecular mass of the protein was slightly higher than predicted 60 kDa; MS analysis revealed two phosphorylation sites within SPAK which may explain the gel shift. One of the SPAK phosphorylation sites detected in the WNK2 complex, S383 ([supplemental Table S2](http://www.jbc.org/cgi/content/full/M111.222893/DC1)), has been shown previously to be an important WNK-specific phosphorylation site ([@B42]). These data show that WNK2 exists in a phosphoprotein complex *in vivo* with SPAK, another kinase known to directly interact with NKCC1.

DISCUSSION
==========

The WNK2 expression profile is unique among the WNK kinases. First, while WNK1, WNK3, and WNK4 are highly expressed in multiple Cl^−^-transporting epithelia ([@B19], [@B43], [@B44]), and most notably the nephron ([@B16], [@B17], [@B19], [@B45]), WNK2 is almost exclusively expressed in the brain, with no detectable expression in kidney. Second, in the CNS, while WNK1 is expressed throughout postnatal development, WNK3 is not significantly expressed until postnatal day 21 ([@B19]) and WNK2 is expressed since the embryonic life. Third, within the brain, WNK1 is predominantly expressed in non-neuronal cells and WNK3 localizes to both neurons and glia ([@B19]), but WNK2 is expressed primarily in cortical and thalamic neurons. Thus, WNK2 is more highly expressed in neurons and during early development than other WNKs. These differences might have important functional ramifications for the regulation of neuronal CCCs. In many other tissues in which WNKS and CCCs have been shown to co localize evidences show that WNKs are playing an important role in their regulation. In this regard, future development of WNK2 knock-out or knockin mice will be useful to analyze with detail the role that WNK2 might have on different parts of the brain function, during embryonic and in postnatal life.

It not clear at the moment how changes in osmolarity and/or intracellular chloride concentration modulates the activity of WNKs, but it has been observed that hypertonicity is clearly associated with activation of WNK1 by inducing autophosphorylation of the T-loop serine 328, known to be associated with activation of the kinase ([@B37], [@B38], [@B46]). However, similar to what we have observed for WNK3 ([@B17]--[@B19], [@B47]) WNK2 bypasses normal tonicity requirements to activate NKCC1 and inhibit KCC2 in the *Xenopus* oocytes. While caution must be exercised in extrapolating results to mammalian systems, oocytes have proven useful for studying the molecular mechanisms of CCC function and regulation ([@B48]). The opposing effects of WNK2 on cellular Cl^−^ influx and efflux pathways would be expected to achieve a net increase in \[Cl^−^\]~i~, a property previously described for WNK3 ([@B17]--[@B19]). However, in contrast to WNK3, WNK2 is expressed during early development. As depicted in [Fig. 7](#F7){ref-type="fig"}, after birth, the functional expression of the chloride-importing NKCC1 and chloride-exporting KCC2 cation-chloride cotransporters (CCC) is reciprocally related: NKCC1 is decreased, and KCC2 is increased. This shift is thought to underlie the polarity change in GABAergic signaling from excitatory in the immature brain to inhibitory in the mature brain. In the developing brain, WNK3 expression is low. In contrast, WNK2 is strongly expressed in both the developing and mature brain. The ontogeny of WNK2 expression, coupled with its ability to load Cl^−^ into cells, suggests WNK2 might be important for establishing the elevated \[Cl^−^\]i seen early in development that is critical for the trophic functions of GABA excitatory signaling ([@B2]). In adulthood, both WNK2 and WNK3 are highly expressed. An appropriate mixture of WNK kinases might confer certain neuronal groups, like the suprachiasmatic nucleus, with the ability to rapidly change \[Cl^−^\]~i~, allowing for dynamic shifts in the response to GABA ([Fig. 7](#F7){ref-type="fig"}).

![**Relationship between GABA excitatory and inhibitory effect and the expression of WNK2, WNK3, NKCC1, and KCC2 in the CNS from embryonic to postnatal life.**](zbc0401176270007){#F7}

Regulation of \[Cl^−^\]~i~ by WNK2 might also be important for the role of the CCCs during regulatory volume increase (RVI) and regulatory volume decrease (RVD), key homeostatic counter-responses to maintain cell volume during shifts in extracellular osmolarity or intracellular solute content ([Fig. 7](#F7){ref-type="fig"}). Acute activation of NKCC1 and other ion transport mechanisms (such as NHE1 functioning in parallel with a Cl^−^/HCO~3~^−^ exchanger), are important in RVI and operate in neurons ([@B49]--[@B51]). KCCs like KCC3 are important for cell volume regulation via RVD in the nervous system ([@B52]). The WNK2 ability to activate NKCC1 and inhibit the KCCs suggests it may participate in RVI in neurons. Additional experiments will be required to investigate whether WNK2 activity is affected by changes in cell volume, or is altered in pathologic states like cerebral edema.

WNK kinases exhibit kinase-dependent and -independent effects on different ion transport pathways. WNK2 regulation of the CCCs is likely dependent on its catalytic activity, since its activation of NKCC1 or inhibition of KCCs is lost by an inactivating mutation in its kinase domain. Since serine-threonine phosphorylation is the primary mode of CCC regulation, we presume WNK2 activates NKCC1 and inhibits KCC2 by promoting net cotransporter phosphorylation. This could be due to: 1) direct phosphorylation of the CCCs by WNK2; 2) indirect phosphorylation via another downstream kinase; or 3) inhibition of protein phosphatases. The fact that WNK2 forms a complex with SPAK *in vivo*, that in this complex SPAK is phosphorylated at a consensus WNK-phospho site, and that SPAK has been shown to directly phsophorylate NKCC1 ([@B35], [@B53]), suggest WNK2 might activate NKCC1 indirectly via SPAK kinase. If so, this mechanism would be analogous to the WNK-SPAK-NCC pathway in kidney ([@B46], [@B47], [@B54]). We and others have previously shown that WNKs modulation of CCCs is associated with changes in protein expression at the cell surface ([@B17], [@B55], [@B56]). Here we shown that increased activity of NKCC1 induced by WNK2 or WNK3 is due to both, an increase in protein levels and also an increase in the surface expression of the cotransproter. In this regard, it has been shown that decreased activity of NCC induced by WNK4 is due to both, a reduction in the surface expression of the cotransporter ([@B31], [@B55]) and to a increased degradation of the NCC via lysosomes ([@B57]). In contrast, the down-regulation of KCC4 activity by WNK2 or WNK3 is more dependent on their effect upon the surface expression of the cotransporter.

WNK2 might utilize a similar mechanism to inhibit KCC2; however, SPAK does not appear to phosphorylate KCC2, and recent experiments demonstrate that WNKs and SPAK/OSR1 are essential for KCC phosphorylation ([@B28]). Because the regulation of KCCs by catalytically inactive WNK3 is prevented with protein phosphatase inhibitors such as calyculin or cyclosporin A, it is possible that a protein phosphatases are involved in the WNK2-KCC mechanism ([@B18], [@B30]).

SPAK and oxidative-stress response 1 (OSR1) kinase have been shown to bind, phosphorylate, and directly activate NKCC1 in multiple cell systems, including dorsal root ganglion neurons ([@B14], [@B58]). In this study, we isolated WNK2 in a phosphoprotein complex with SPAK from native mouse brain, suggesting these two kinases might work in concert to regulate neuronal CCCs. WNK1, WNK3, and WNK4 are known to interact with OSR1 and SPAK, and WNK1 and WNK4 phosphorylate Thr-233 and Ser-373 in SPAK, and Thr-185 and Ser-325 in OSR1 ([@B35], [@B36], [@B46]). SPAK activity requires phosphorylation at Thr-233 and Ser-373 ([@B59]). In our study, we have shown that SPAK is phosphorylated at Ser-366 and Ser-383 when complexed to WNK2 *in vivo*. These results suggest that a WNK2-SPAK-CCC pathway is operative in the brain. Further experiments will be required to examine the functional role of this pathway in both the CNS, including the spinal cord, and the PNS (*e.g.* in dorsal root ganglion cells).

WNK2 can be phosphorylated in at least 12 different sites. From the sequence flanking these phosphorylation sites, the Networkin prediction program ([@B60]) identified potential kinases that might phosphorylate WNK2. These include sites for Rho-associated protein kinase 1 (DMPK), cAMP-dependent protein kinase (PKA), casein kinase II (CKII), PKC protein kinase CΔ (PKC), and cyclin-dependent kinase 5 (CDK5) ([Fig. 6](#F6){ref-type="fig"}). Among these putative upstream kinases, P38MAPK, PKA, and Cdk5 are particularly interesting owing to prior evidence of their role in neuronal function. Because WNK kinase regulation might be ultimately determined by the N- and C-terminal regions flanking the kinase domain, any of these kinases are candidates for WNK co-regulatory kinases.

At present, it is unclear if WNK2\'s regulation of CCCs is linked to its role in cell growth and proliferation ([@B61]). Hong *et al.* ([@B22]) recently identified *WNK2* as a tumor suppressor gene in a large-scale genomic and epigenomic analysis of human infiltrative gliomas. Epigenetic silencing of WNK2 has also been shown in all grades of meningioma ([@B23]). Point mutations in other *WNKs* have also been associated with breast, lung and colonic cancer ([@B62]--[@B64]). In this context, it is interesting that NKCC1 has recently been shown to be the major pathway for Cl^−^ accumulation in glioma cells, and genetic or pharmacologic inhibition of NKCC1 is associated with a marked reduction in glioma cell invasion *in vivo* ([@B65]). These issues will be topics of future experiments.
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